The King's College London (KCL) rst X-ray microprobe (MKI) and the third generation microfocus X-ray sources (MKIII) are intended to be used for various applications including the study of physical and biological interactions at the atomic and molecular scales. The microfocus ultra-soft X-ray sources (MKI and MKIII) with interchangeable targets will provide a superior spatial resolution (a focal spot a few hundreds of nanometres in diameter can be achieved) and the control of the dose delivered to irradiated cells. This will require characterization of the spectra and intensities of the source, measurements of the focus intensities and spot sizes of suitable X-ray optics such as zone plates, grazing incidence microstructured optical arrays and multilayer mirrors.
Introduction
Ionizing radiation continuous to play important roles in human society with human population continuously subjected to a range of environmental, occupational and medical exposures [1] . Despite being widely used in cancer radiotherapy applications, ionizing radiation is itself a proven carcinogenesis agent. Understanding how radiation interacts with cells, cellular components and tissues is very important in the studies of radiation-induced cancers. Previously, focused X-rays from continuous-beam microfocus sources have shown that low-dose eects dier signicantly from predictions extrapolated from higher doses.
The biological eects of low-energy X-rays are currently studied using, mainly, synchrotron radiation [2, 3] .
However, synchrotron facilities oer limited accessibility and high cost and so many applications will not be widespread, and therefore routinely available as analytical tools, if they are conned to synchrotrons because of the cost of building, maintaining and running of these facilities. They are or have, therefore, become national and increasingly, international facilities and as such are not suitable for the wide-scale development of radiobiology studies. Laboratory X-ray sources can be used to investigate the eects of ionizing radiation on biological cells and tissue to compliment the studies done with synchrotron X-ray sources and heavy-ion systems [27].
Since 1990, there has been a renaissance of X-ray microbeams to provide quantitative and mechanistic radiological information that complement the charged particle studies. Currently, there are three microbeam facilities routinely used for biological experiments, which employ X-rays: two are based on laboratory bench X-ray * corresponding author; e-mail: indika.pathirana@kcl.ac.uk sources (MKII) (Queen's University Belfast and Nagasaki University, Japan) and one has been developed around synchrotron X-ray beams (Photon Factory in Tsukuba, Japan). These previous focused X-rays from continuous- Recent development of laboratory microfocus X-ray sources with ecient optics [8] is playing an increasingly important role in understanding of the mechanistic aspects of ionizing radiation eects on DNA double strand breaks [3, 4, 6, 8] . The main challenge with this technique is the focusing of the electrons onto a small focal spot on the target to generate X-rays with small focal spot for irradiating part of cellular materials. Limitations in the photon intensity and the available energies from X-ray tube sources prevent denitive characterization of a relationship between photon energy and biological damage.
Another major problem with electron impact in X-ray tube sources is the heating of the target material that has major eect on both the X-ray intensity and the system. This limits both the voltage through which the electrons can be accelerated and the number of electrons which can be used, in order to stop the target from melting.
The King's College London contribution
The main objective of the work at KCL is to re-instate our rst microfocus X-ray source (MKI) and to design and develop a third generation microfocus X-ray source (MKIII) which is in progress.
The technique for re-
-instating the MKI is based on the work done by Folkard [6, 9, 10] and Schettino et al. [11, 12] . The renovation of the MKI will provide ultra-soft X-rays to investigate spatial aspects of the interaction of ionizing with biological samples. This required the modication of the geometry of the Wehnelt cap relative to the cathode position, design of the ne focusing electromagnetic lens for the electron beam, transmission properties of the exit window for the emitted X-rays and monochromatization of X-ray beam by its reection from the polished silica mirror.
The renovated MKI microfocus ultra-soft X-ray source with interchangeable targets will provide a superior spatial resolution (a focal spot a few hundreds of nanometers in diameter can be achieved) and the control of the dose delivered to irradiated cells. This will require characterization of the spectra and intensities of the source, measurements of the focus intensities and spot sizes of suitable X-ray optics, such as zone plates, grazing incidence microstructured optical arrays, and multilayer mirrors. 
Focusing electromagnetic lens
The purpose of this study is to focus electron beam onto a focal spot on the target in order to produce a point-like X-ray source for the biological studies 
Monochromatization of the X-ray beam
The electron beam focused onto the carbon target produces both characteristic X-rays and continuous bremsstrahlung. A single-sided polished silicon mirror is Fig. 3 . Reectivity fraction of a silica mirror for incident X-ray energies at dierent grazing angles.
used as a monochromator to select carbon-K line from the spectrum emitted from the graphite target when bombarded with electrons with energies of 1015 keV. Using the phenomenon of total internal/external reection, which occurs at small incident angles and low energies, it is possible to use a mirror to lter the X-ray spectrum.
The ability of the silicon mirror to eliminate high energy X-rays while maintaining high reectivity for carbon-K alpha radiation is determined with the graphite target under bombardment for 10 kV/300 µA electron beam with the specic positions of the silica mirror inside the X-ray chamber. A simulation of the reectivity of a silica mirror for incident X-ray energies at dierent grazing angles is shown in Fig. 3 .
The X-ray microprobe exit window
The X-ray exit window is a 100 nm thick silicon nitride window with an area of 1×1 mm 2 . The window is strong enough to hold an atmosphere of high pressure dierence and present a high transmission for low-energy photons.
A simulation of the transmission fraction for the dierent vacuum windows available for the work were performed to select a material appropriate for the X-ray microprobe system using CASINO Monte Carlo software [13] . 
The MKI microprobe optics
The MKI is designed for the production of micrometer--sized X-ray spots capable of irradiating cellular and signicant subcellular targets of biological samples. The diraction technique of focusing X-ray beams have so far been favoured for microbeam applications mainly due to their easily application. Using suitable X-ray optics such as zone-plates, grazing incidence micro-structured optical arrays and multilayer mirrors, the microfocus X-ray source (MKI) will be capable of delivering a small 5 µm spot of X-rays. Figure 5 shows a laboratory setup of the MKI facility for biological studies. The innovative aspect of MKIII is the target conguration which allows the translation of the targets to move in x, y, z-directions using a motorized system. The MKIII will allow a considerable smaller focal sizes, ≈ 1 µm, increasing the range of applicability of the source with micro-structured optical array conguration. The design, construction and characterization of the MKIII microfocus probe is in progress.
Conclusion
It is clear that the development of microprobes using 
